Abstract Hypersensitivity to radiation exposure has been suggested to be a risk factor for the development of breast cancer. In this case-control study of 515 young women (B55 years) with newly diagnosed sporadic breast cancer and 402 cancer-free controls, we examined the radiosensitivity as measured by the frequency of chromatid breaks induced by gamma-radiation exposure in the G2 phase of phytohemagglutinin-stimulated and short-term cultured fresh lymphocytes. We found that the average chromatid breaks per cell from 50 well-spread metaphases were statistically significantly higher in 403 non-Hispanic White breast cancer patients (0.52 ± 0.22) than that in 281 nonHispanic White controls (0.44 ± 0.16) (P value \ 0.001), and in 60 Mexican American breast cancer patients (0.52 ± 0.19) than that in 65 Mexican American controls (0.44 ± 0.16) (P value = 0.021), but the difference was not significant in African Americans (52 cases [0.45 ± 0.16] versus 56 controls [0.47 ± 0.16], P = 0.651). The frequency of chromatid breaks per cell above the median of control subjects was associated with two-fold increased risk for breast cancer in non-Hispanic Whites and Mexican Americans. A dose-response relationship was evident between radiosensitivity and risk for breast cancer (P trend \ 0.001) in these two ethnic groups. We concluded that gamma-ray-induced mutagen sensitivity may play a role in susceptibility to breast cancer in young non-Hispanic White and Mexican American women.
Introduction
Breast cancer is the most common incident cancer and the second leading cause of death among females with an estimated 230 480 new invasive cases, 57 650 new cases of in situ breast cancer, and 39 520 deaths in the United States in 2011 [1] .
Breast cancer is a complex, multifactorial disease and its etiology has been associated with genetic, environmental, and reproductive risk factors [2] [3] [4] [5] . Although the role of genetic factors in the etiology of breast cancer is well established in familial breast cancer with germline mutations in BRCA1 and BRCA2 [6] [7] [8] [9] [10] , the contribution of environmental factors and genetic factors related to sporadic breast cancer remains less understood. Ionizing radiation, such as cosmic, X-ray, and gamma-ray, is a known risk factor for breast cancer, particularly in flight attendants [11] [12] [13] and has attracted considerable research interest over the last decades [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] .
Ionizing radiation causes a variety of DNA damage, including generation of reactive oxygen species that cause DNA base damage and DNA strand breaks [25, 26] . Impaired DNA strand breaks will lead to chromosomal instability [27] . Host response to ionizing radiation and capacity to repair DNA damage induced by ionizing radiation are important factors for cancer development. For example, an early study reported that the frequency of chromosome aberrations in lymphocytes was higher in breast cancer patients with excessive normal tissue damage after radiotherapy of a low dose-rate irradiation as than in patients treated but without such normal tissue damage and normal healthy donors [28] . The findings suggested that subsets of breast cancer patients have abnormal sensitivity to ionizing radiation. Further studies found that increased G2-phase radiosensitivity induced by X-ray or gamma-ray in lymphocytes from breast cancer patients was common and associated with increased risk of breast cancer [29] [30] [31] [32] [33] [34] [35] [36] . However, those studies included relatively small samples.
In this study, we evaluated gamma-ray-induced mutagen sensitivity by measuring the frequency of chromatid breaks in G2-phase lymphocytes in 515 young women (B55 years) with newly diagnosed sporadic breast cancer and 402 cancer-free healthy control subjects who were genetically unrelated to the cases to determine the association between the G2 chromosomal radiosensitivity and risk of breast cancer.
Materials and methods

Study population
This study consisted of 515 female patients who were 55 years and younger when they were diagnosed with primary breast cancer. Patients were recruited at The University of Texas M.D. Anderson Cancer Center between January of 1998 and January of 2006. Patients with previous cancer history, multiple primary neoplasms at the time of diagnosis, or metastatic cancer from a site other than breast were excluded. All cases were histopathologically confirmed, and the blood was drawn before any treatment.
During the same time period, 402 cancer-free controls were recruited from M.D. Anderson Cancer Center visitors who were genetically unrelated to the cases of this study. All controls were female and frequency-matched to the cases by age (±5 years) and ethnicity. Each participant donated 30 ml of blood after signing a written informed consent and completed a short questionnaire that provided information on their age, ethnicity, smoking status, and alcohol consumption. Participants who had smoked at least 100 cigarettes in their lifetime were assigned as eversmokers and the remainder as never-smokers. Participants who had consumed alcoholic beverages at least once a week for C1 year in their lifetime were assigned as ever-drinkers and the remaining as never-drinkers. Additional information on estrogen receptor (ER)/progesterone receptor (PR) expression status and reproductive history (menarche, age at first full-term pregnancy, parity, and use of contraceptive or hormonal replacement therapy) was available for the cases only. The M.D. Anderson Cancer Center institutional review board approved this study protocol.
The gamma-ray-induced mutagen sensitivity assay
The gamma-ray-induced mutagen sensitivity assay was performed as previously described [37] . Briefly, two primary lymphocyte cultures were set up for each individual by inoculating 1 ml of blood into T-25 plastic culture flasks with 9 ml of RPMI 1640 (Invitrogen Corporation, Grand Island, NY) containing 112.5 lg/ml phytohemagglutinin (Thermo Fisher Scientific, Remel Products, Lenexa, KS). After 67 h of incubation, one of the cultures was irradiated with 1.5 Gy incident radiations, at a dose rate of 13.18 Gy/ min for 6.9 s from a 137 Cs source (Cesium Irradiator Mark 1, model 30; J.L. Shepherd and Associates, Glendale, CA). Afterwards, the irradiated culture was incubated for another 5 h and treated with 0.06 lg/ml Colcemid for 1 h (Invitrogen Corporation) before harvesting to induce mitotic arrest. The cells were harvested and prepared on slides as described previously [37] . The number of simple chromatid breaks per sample was counted from 50 wellspread metaphases. Each simple chromatid break was counted as a single break, whereas each isochromatid break, exchange figure, or interstitial deletion was counted as two breaks. The mean value of chromatid breaks per cell (b/c) was then calculated.
Statistical analysis
The distribution of demographic information between cases and controls was compared by using the v 2 test. The chromatid b/c was analyzed as a continuous variable. The student's t test was used to compare differences in the mean b/c values between cases and controls, and the analysis of variance (ANOVA) tests were used to compare differences among cases. The data were stratified by age, ethnicity, smoking status, and alcohol use. Odd ratios (ORs) and 95% confidence intervals (CIs) were calculated to evaluate the association between gamma-ray-induced b/c and risk of breast cancer.
We used the median (i.e., 0.43) and tertiles (i.e., B0.36, 0.37-0.49, C0.50) of b/c in the control group as the cutoff values to calculate the ORs and 95% CIs. Subjects with b/c values greater than controls' median b/c were considered to be radiosensitive. Multivariate logistic regression analyses were performed to calculate the ORs and 95 CIs with adjustment for age, smoking status, and alcohol use in the model. All statistical tests were two-sided, and P \ 0.05 was considered statistically significant, by using the SAS/ Genetics software (version 9.2; SAS Institute Inc., Cary, NC, USA).
We also conducted a meta-analysis using Review Manager (RevMan) version 5.1 (Cochrane Collaboration, Copenhagen, Denmark). By searching the term 'breast cancer and G2 radiosensitivity' in the PubMed database, nine case-control studies on G2-phase radiosensitivity with sporadic breast cancer patients and cancer-free controls were included in addition to the present study, which provided the numbers of individuals who were originally defined as sensitive or nonsensitive to ionizing radiation (e.g., X-ray, 60 Co, or 137 Cs) by assessing the chromatid breaks at G2-phase [30, 32-34, 36, 38-41] . A randomeffects model was used to pool the results based on the heterogeneity between studies (P \ 0.05) [42, 43] .
Results
Characteristics of the study population
The characteristics of cases and controls are summarized in Table 1 . This study included 515 female sporadic breast cancer cases and 402 female cancer-free controls aged 55 years and younger. The age distribution between cases and controls were frequency-matched (P = 0.139). However, there were more non-Hispanic White cases (403, 78.2%) than controls (281, 69.9%). The others included 60 (11.7%) versus 65 (16.2%) Mexican Americans and 52 (10.1%) versus 56 (13.9%) African Americans between cases and controls, respectively. There were no significant Table 1 ). The confounding effect from alcohol use or any possible residual effect from age and smoking status were further adjusted for in multivariate logistic regression models to evaluate the association between gamma-rayinduced chromatid breaks and risk of sporadic breast cancer.
Comparison of gamma-ray-induced chromatid breaks between cases and controls Table 2 ). Since b/c values did not follow a normal distribution, we also compared the differences between cases and controls by ethnic groups after natural log transformation. The results remained similar. Therefore, we used untransformed b/c values by ethnic groups in the remaining analyses. When participants were stratified by the variables listed in Table 1 , the mean values of gamma-ray-induced b/c remained statistically significantly higher in non-Hispanic White case patients than those in the controls for all strata and in Mexican Americans for older age (46-55 years), never smoker and never drinker subgroups. However, this trend was only seen in eversmoking African American subgroup (0.54 ± 0.20 versus 0.40 ± 0.11, P = 0.030). Intriguingly, the sensitivity to gamma-radiation was significantly higher with more frequent b/c in never-smoking African American controls than the corresponding breast cancer patients (0.42 ± 0.12 versus 0.49 ± 0.16, P = 0.027), which was likely a result of the small sample size in the strata. In further ANOVA tests to compare differences in gamma-ray-induced sensitivity between carcinoma in situ and invasive patients, in patients with ER or PR negative and positive, and among the AJCC stages, we did not observe any statistically significant differences in b/c in any of the ethnic groups ( Table 2 ).
Association of gamma-ray-induced sensitivity and breast cancer risk
The association between gamma-ray-induced sensitivity measured as chromatid breaks and risk of breast cancer were estimated by calculating ORs and 95% CIs with adjustment for age, smoking and alcohol status using logistic regression analyses. The gamma-ray-induced b/c values were fitted in the logistic regression models either as continuous or categorical variables. When the chromatid b/c values were fitted as a continuous variable, we found that there was a 35% significantly increased risk of breast cancer associated with each 0.1 increment of chromatid b/c value for non-Hispanic Whites and 27% for Mexican Americans ( (Table 3 ). However, this trend was not observed in African Americans. We subsequently conducted a meta-analysis of ten casecontrol studies on G2-phase radiosensitivity with a total of 1 154 sporadic breast cancer patients and 1 057 cancer-free controls without restriction on ethnicity because of only one study on Indian and one on African American, and the others mainly on European ancestries [30, 32-34, 36, 38-41] . The studies on high-risk populations with BRCA1/2 mutation, known family history, or from the same research group with overlapping study participants have been excluded. The OR for overall risk for breast cancer associated with sensitivity to ionizing radiation-induced G2-phase chromatid breaks was 3.99 (95% CI, 2.34-6.81; P heterogeneity \ 0.0001) by random effects model (Fig. 2) .
Discussion
The mutagen sensitivity assay was first developed by Dr. T. C. Hsu using bleomycin in cultured lymphocytes of peripheral blood to measure its genotoxicity that was expressed as the average number of chromatid breaks per cell [44, 45] . It has been modified with a variety of etiologically related mutagens to evaluate cancer susceptibility in association studies [29] [30] [31] [32] [33] [34] [46] [47] [48] [49] [50] . These studies constantly showed mutagen sensitivity as a risk factor for cancer development.
In the early 80s, Dr. Sanford's research group has also started to evaluate the chromatid breaks induced by X-ray irradiation in mice and human cell lines. The increased chromosomal radiosensitivity during the G2-phase of the cell cycle was reported to be associated with deficient DNA repair in diverse tumor cells and predisposed to genetic or familial disorders in skin fibroblasts and blood lymphocytes [51] [52] [53] [54] . It is well known that radiation induces single-and double-strand DNA breaks [26] ; however, how DNA breaks convert to chromatid breaks remain unknown, though there is a clear linear relationship between radiation dose and intensity of chromatid breaks [55, 56] .
Previous studies have consistently shown that increased G2-phase sensitivity to radiation is associated with risk of breast cancer from several research groups in relatively small sample sizes [29] [30] [31] [32] [33] [34] [35] [36] . In this case-control study, we investigated the radiosensitivity induced by gamma-ray in a much larger sample size than prior studies in the setting of sporadic breast cancer patients and cancer-free controls who were 55 years and younger. We confirmed that the high radiosensitivity is associated with risk of breast cancer in non-Hispanic Whites and Mexican Americans, but not in African Americans because of a limited sample size. In the study reported by Natarajan et al. [36] , the significant difference in gammaradiation-induced mutagen sensitivity was found in 61 African American breast cancer patients and 86 healthy controls from Washington DC area without a correlation between chromatid breaks and smoking (r = -0.0646, P = 0.437); however, the age distribution of the study subjects was between 21 and 80 years, and the age was associated with breast cancer risk (r = 0.276, P \ 0.001) [36] . Table 3 Logistic regression analysis of gamma-ray-induced chromatid breaks per cell in breast cancer patients and cancer-free controls In non-Hispanic Whites, the increased chromatid breaks per cell in cases were observed regardless of the status of selected variables, suggesting that genetic predisposition, but not environmental factors, may have contributed to radiosensitivity in cultured cells in this study population. However, in Mexican Americans, the significantly increased sensitivity to gamma-radiation was observed only in women older than 45 years, never-smokers, and never-drinkers, even though the similar trend was evident in other strata.
There are some limitations in our study. One is the relatively small numbers in minority participants. However, this is the first study to our knowledge to focus on young age of homogeneous ethnic groups with gamma-radiationinduced G2-phase radiosensitivity. Because we recruited the controls in the hospital setting, they might not represent the general population. Another limitation is that we did not have reproductive or family history data for 40% of study participants, so we could not exclude the confounding of these parameters. In the 70% patients with family history data, we found that those with family history of any cancer in first-degree relatives had non-significantly higher radiosensitivity than those without family history. In summary, our results showed that gamma-ray-reduced mutagen sensitivity may be a risk factor for genetic susceptibility to breast cancer in young non-Hispanic White and Mexican American women, and there is a dose-response correlation between radiosensitivity expressed as chromatid breaks and breast cancer development. The retrospective meta-analysis from ten research groups further supported our notion that G2-phase radiosensitivity expressed as a high frequency of ionizing radiation-induced chromatid breaks is associated with an increased risk for development of sporadic breast cancer. More rigorous studies on various ethnic groups are needed to validate our findings and elucidate the genetic underlying mechanisms. Fig. 2 Forest plot of the overall risk for breast cancer associated with sensitivity to ionizing radiation-induced G2-phase chromatid breaks (Events were defined as sensitive to ionizing radiation as described in the original studies)
